Bisphenol A (BPA) is a highly prevalent constituent of plastics that has been associated with diabetes, cardiovascular disease, and an increased risk of miscarriages in humans. In mice, BPA exposure disrupts the process of meiosis; however, analysis of the affected molecular pathways is lagging and has been particularly challenging. Here we show that exposure of the nematode Caenorhabditis elegans to BPA, at internal concentrations consistent with mammalian models, causes increased sterility and embryonic lethality. BPA exposure results in impaired chromosome synapsis and disruption of meiotic double-strand break repair (DSBR) progression. BPA carries an anti-estrogenic activity in the germline and results in germline-specific down-regulation of DSBR genes, thereby impairing maintenance of genomic integrity during meiosis. C. elegans therefore constitutes a model of remarkable relevance to mammals with which to assess how our chemical landscape affects germ cells and meiosis.
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toxicology | oogenesis M eiosis is the cell division program by which haploid sperm and eggs are generated from diploid germ cells and is therefore essential for both sexual reproduction and generating genetic diversity. Errors in chromosome segregation during meiosis can result in aneuploidy that significantly contributes to infertility, miscarriages, and birth defects in humans (1) . In addition to natural variations in human fertility, there may also be a contribution of environmental exposures to the etiology of human aneuploidies (2, 3) .
Despite the devastating outcomes stemming from impaired meiosis, there is currently no alternative to the slow, costly, and technically challenging use of mammalian species for in vivo studies of environmental disruption of meiosis in multicellular organisms. Furthermore, there is tremendous need for developing reliable systems that are both relevant to mammals and suitable for highthroughput screening strategies to test potential toxicants impacting meiosis (4) .
We explored the use of the genetically tractable nematode Caenorhabditis elegans to examine the effect of Bisphenol A (BPA) on the germline. BPA ranks among the highest production volume chemicals with a global annual production scale of ≈4 million metric tons. It is commonly used in the manufacture of several polymers, including polycarbonate and epoxy resins (5) . Thus, BPA is found in a variety of items such as plastic bottles, the lining of both food and beverage cans, and dental sealants (5) . Consistent with its widespread presence, urinary BPA is detected in >90% of the population in the United States (5-7). Higher levels of urinary BPA have been correlated with cardiovascular diseases and diabetes (7) and may be associated with an increased risk for miscarriages with abnormal embryonic karyotype (8) . Rodent models of BPA exposure have revealed multiple levels of reproductive impairments, including chromosome synapsis defects, elevated recombination levels, and errors in chromosome segregation during meiosis following in utero exposure (9) . However, although BPA severely impacts the mammalian meiotic program, we still lag in our understanding of the affected genes and pathways, as well as its mechanism of action in the germline.
To investigate how BPA exerts its effect on the germline, we have taken advantage of numerous features that make C. elegans an extremely amenable system for the study of meiosis. These features include a short reproduction cycle, a large number of germline nuclei, and the well-characterized spatial-temporal gradient in which these nuclei are positioned along the germline, allowing for easy access and identification of all stages of prophase I (10). Importantly, C. elegans shares a remarkable degree of gene conservation with humans (11, 12) , which has proved invaluable for the identification of genes relevant to mammalian meiosis (reviewed in refs. 10 and 13).
Here we identify the mechanisms by which BPA affects germline maintenance in C. elegans. We show that BPA exposure significantly impairs oogenesis, resulting in elevated levels of sterility and embryonic lethality. BPA exposure results in impaired chromosome synapsis, altered meiotic DNA double-strand break (DSB) repair progression, subsequent activation of the ATL-1 and CHK-1 DNA damage checkpoint kinases, and increased CEP-1/ p53-dependent germ cell apoptosis. The impaired chromosome remodeling observed in late prophase I, coupled with the appearance of chromosome fragments in both pachytene and diakinesis nuclei, further suggests a defect in meiotic DSB repair. Importantly, the expression of several DSB repair genes is downregulated specifically in the germline following BPA exposure. Finally, the effects of BPA on germline nuclei can be rescued by coexposure to estrogen, suggesting an anti-estrogenic action of BPA on the germline. We therefore propose that BPA acts by altering the germline-specific expression of DNA DSB repair machinery components, leading to failed maintenance of genomic integrity during meiosis.
Results

BPA Exposure Results in Decreased Brood
Size and Increased Embryonic Lethality in C. elegans. Exposure to BPA has been associated with a variety of reproductive impairments in several animal species, including decreased quality and production of both sperm and oocytes (9, (14) (15) (16) , increased embryonic lethality, and increased recurrence of miscarriages in humans (8, 17) . To address whether BPA also affects C. elegans reproduction, we exposed worms to various concentrations of BPA under several culture conditions. Four parameters were tested: BPA concentration (100 μM, 500 μM, or 1 mM), vehicle (DMSO or ethanol), cholesterol concentration (5 μg/mL, 0.5 μg/mL, or none), and culture method (liquid or plate). We determined that BPA dissolves more easily in ethanol and results in a higher penetrance of the observed phenotypes when diluted in this vehicle. Cholesterol is thought to mask the effect of endocrine-disrupting chemicals in C. elegans and was therefore omitted from the medium (18, 19) . Exposing worms to BPA dissolved in 100% ethanol on plates without cholesterol, at a final concentration of 1 mM for 4 d (from eggs to adulthood), gave the most consistent results with low overall toxicity, as judged by both growth and behavior of the worms. Using these conditions, we observed a sixfold reduction in the mean number of eggs laid (increased sterility) and a dramatic increase in embryonic lethality (97.3%; n = 333) in worms exposed to 1 mM BPA compared with vehicle (P < 0.0001) ( Fig. 1 A and B) . Furthermore, none of the rare larvae observed either reached adulthood or survived after 3 d in culture (100% larval lethality). Taken together, these phenotypes indicate that BPA impairs C. elegans reproduction and are suggestive of errors in chromosome segregation.
Uptake of BPA by C. elegans. The exposure of C. elegans to BPA could in principle differ significantly from the concentration added to the plates, depending on levels of uptake and the ability of the worm cuticle to act as a partial barrier (20) . We therefore measured the internal concentration of free BPA by liquid chromatography-tandem mass spectrometry analysis (Axys Analytical Services). We found that an external dose of 1 mM BPA corresponds to an uptake level of 2 μg/g (2 ppm) of worm extract, a value within the range of internal concentrations of BPA detected in several rodent exposure models (21) (22) (23) and of serum levels in occupational exposure cases (24) . It is also an order of magnitude higher than the levels of BPA found in human placental tissues (23, 25) . These results therefore indicate that BPA impairs C. elegans reproduction at internal levels consistent with mammalian models of high exposure.
Exposure to BPA Perturbs Both the Synaptonemal Complex and
Chromosome Integrity During Pachytene. The increased sterility and embryonic lethality caused by BPA exposure may be due in part to errors in chromosome segregation stemming from earlier defects taking place during meiosis. Analysis of DAPI-stained gonads revealed smaller gonads in BPA-exposed worms compared with vehicle, which do not stem from a general developmental delay but rather likely reflect a discrete effect of BPA on the worm gonad ( Fig. 1 C and D and see below). We took advantage of the ability to visualize intact germline nuclei in C. elegans to monitor the progression through meiosis. We first examined the localization of HTP-3 and SYP-1, respectively axial and central region components of the synaptonemal complex (SC), a proteinaceous scaffold that normally assembles between pairs of homologous chromosomes (10) . As nuclei exit mitosis and progress into meiosis, HTP-3 and SYP-1 are observed both as foci and as short chromosome-associated patches that increase in length through the transition zone (leptotene/zygotene stages) and extend along the full length of the homologous chromosomes by pachytene. Following exposure to BPA, neither the kinetics nor the extent of HTP-3 and SYP-1 localization on chromosomes were altered at transition zone compared with vehicle ( Fig. S1 , n = 10 gonads). In contrast, analysis of pachytene nuclei in BPA-treated worms revealed defects in chromosome synapsis as evidenced by the presence of DAPI-stained chromatin tracks that are devoid of SYP-1 staining (Fig. 1E ). These asynapsed regions often corresponded to chromosome fragments detectable in ≈10% of all pachytene nuclei analyzed (n = 84) exclusively in BPA-exposed germlines. Whereas synapsis is impaired by BPA exposure, pairing of the homologs was normal as visualized by immunolocalization of the X chromosome pairing center end component HIM-8 (Fig. S2 , 250 nuclei scored per treatment; n = 7 gonads). Taken together, these results indicate that following exposure to BPA, although the kinetics of establishment of synapsis appear normal, the integrity of both the SC and chromosomes is impaired. Genes in the Germline. In a wide range of species, chromosome synapsis and recombination are tightly linked events as it is only in the context of a fully assembled SC that crossover recombination can be completed (10) . In the context of mammalian exposure to BPA, both events are affected with incomplete synapsis and elevated levels of recombination being observed (9) . We examined the progression of double-strand break repair (DSBR) by comparing the levels of RAD-51 foci in the germlines of BPA and vehicle-exposed worms. RAD-51 is a protein involved in strand invasion/exchange during DSBR (26) . During mitosis RAD-51 foci are rare and then increase during early to midpachytene and dramatically decrease by late pachytene (zones 6 and 7) as meiotic DSB repair progresses. In contrast, BPA-exposed germlines display an elevated number of RAD-51 foci in late pachytene, indicating that BPA exposure alters the progression of DSBR during meiosis ( Fig. 2A and Fig. S3 ). As unrepaired recombination intermediates can trigger a DNA damage checkpoint leading to germ cell apoptosis during late pachytene (27) , we measured the number of apoptotic nuclei following BPA exposure by acridine orange staining (28) . We observed a twofold increase in the number of apoptotic nuclei in BPA-exposed gonads compared with vehicle (P < 0.0001). This increase was not observed in homozygous p53/cep-1 mutants, indicating that BPA-induced germ cell apoptosis is p53/CEP-1 dependent and results from the activation of a DNA damage checkpoint (Fig. 2B) . Consistent with these findings, we observed increased levels of two checkpoint kinases that cooperate in germ cell DNA damage sensing: ATL-1, the C. elegans homolog of mammalian ATR, and phosphorylated CHK-1 (Fig. 2C , n = 11 and n = 7 gonads, respectively) (29, 30) .
To determine whether the defect in DSBR progression might stem from altered expression of DSBR genes, we measured the relative expression levels of a panel of key DNA repair genes by quantitative RT-PCR (Fig. 2D, Table S1 ). We used a glp-1(bn18) temperature-sensitive mutant (31) that lacks a germline at the restrictive temperature (25°C), but is essentially wild type at the permissive temperature (15°C), thus allowing us to distinguish whether changes in expression occurred in either the germline or the soma. Three genes were significantly down-regulated specifically in the germline: rad-54 and mre-11 (P = 0.017 and P < 0.01, respectively), which encode for DNA repair machinery components (32, 33) , and mrt-2 (P < 0.01), a checkpoint gene involved in telomere replication and repair as well as DNA damage-induced apoptosis (34) . In addition, chk-1 expression was increased in both the germline and the soma, albeit only significantly in the soma (P < 0.01) (Fig. 2D) . These results suggest that the germline-specific altered expression of DSBR genes may account for the disruption in DSBR that ultimately leads to chromosome fragmentation and the activation of the DNA damage checkpoint in the germline.
BPA Causes Severe Chromosomal Abnormalities and a Delay in Mature
Bivalent Formation During Late Prophase I. To assess whether the altered progression of meiotic DSBR results in chromosome morphology defects later during prophase I, we examined the diakinesis oocyte that is most proximal to the spermatheca (−1 oocyte) (Fig. 1C) following either vehicle or BPA treatment. In ethanol-treated gonads, we observed six intact DAPI-stained bodies representing the six pairs of homologous chromosomes held together by chiasmata. In contrast, we observed several chromosomal abnormalities such as chromosome fragments, chromosomes with a frayed appearance, and the formation of aggregates in 23% (n = 63) of the −1 oocytes following BPA exposure (Fig. 3A) . These chromosome morphology defects were also observed in the −2 and −3 oocytes (Fig. 3B) . Moreover, we observed a delay in the formation of six mature bivalents in late diakinesis (−1 to −4 oocytes) in BPA-treated gonads (Fig. 3B) . This result was not due to a general delay in maturation of the gonad as the worms being examined both formed and laid eggs and also did not show an improvement in bivalent differentiation in subsequent days after initial analysis (17%, n = 30, of −1 oocytes showed chromosomal abnormalities 1 d post-L4 compared with 24%, n = 21, and 28%, n = 18, at 2 and 3 d post-L4, respectively).
Accurate chromosome segregation at meiosis requires the regulated disassembly of the SC (35, 36) and the subsequent Aurora-B kinase/AIR-2-dependent loss of cohesion between homologs (36-38). Accordingly, as in wild type, a weak SYP-1 signal is associated with the midsection of bivalents in 6% (n = 1/ 16) of the −2 oocytes in ethanol-treated gonads, and this signal is absent in all −1 oocytes (Fig. 3C) . In contrast, SYP-1 staining was detectable on 80% (n = 12/15) of all −2 oocytes and 13% (n = 2/15) of the −1 oocytes in BPA-treated gonads. Further confirming the defect in bivalent maturation, we failed to detect AIR-2 on the bivalents of 100% of the gonads treated with BPA compared with 10% of ethanol-treated controls (Fig. 3C , n = 15 each), and phosphorylated histone H3, the canonical substrate of AIR-2, was detected in only 23% of all BPA treated −1 oocytes (Fig. 3D, n = 21 ). Taken together, these results suggest that the timing of SC disassembly and mature bivalent formation is delayed following BPA exposure compared with ethanol control.
BPA Exerts Anti-Estrogenic Effects on the C. elegans Germline. BPA possesses endocrine disrupting activity in many developmental contexts including gonadal, brain, and mammary gland development. BPA has an affinity for multiple members of the estrogen receptor family, as exemplified by its binding to the human estrogen receptors α (ERα) and ERβ as well as the estrogenrelated receptor γ (ERR-γ) (39) . Surprisingly, in the context of mouse oogenesis, evidence suggests that BPA acts as an estrogen antagonist as the defects observed at the pachytene stage in BPAtreated animals also occurred at comparable frequencies in ERβ −/ − mice and BPA exposure did not lead to increased chromosomal aberrations in these knockout mice (9) . To investigate whether the effects of BPA on the C. elegans gonad are also mediated by its ability to modulate estrogen activity, we compared chromosome morphology at diakinesis following exposure to BPA, the canonical estrogen estradiol (E2), and the high-affinity estrogen antagonist ICI 182780 (40) . Whereas 1 mM E2 exposure did not cause any observable chromosome morphology defects at diakinesis, 0.5 mM ICI 182780 treatment led to defects including frayed chromosome appearance and chromatin bridges in most oocytes at diakinesis, including 6.5% (n = 31) of the −1 oocytes (Fig. 3A) . Similar types of defects were also observed in diakinesis oocytes when worms were exposed to the selective estrogen receptor modulator 4-hydroxytamoxifen (0.15 mM 4-OHT) (Fig.  S4) . The similar outcomes of ICI and BPA treatment on chromosome morphology suggest that these compounds may exert their effect on the germline through an anti-estrogenic activity. To test this hypothesis, we exposed worms to ethanol, BPA, and either a combination of BPA and E2 or BPA and ICI 182780. Coexposure to BPA and E2 largely rescued the chromosome morphology defects observed at diakinesis (Fig. 3B) . Conversely, coexposure to ICI 182780 did not worsen the diakinesis defects observed following BPA treatment. In C. elegans, BPA can bind to the nuclear hormone receptor NHR-14, which also binds estrogen (41) . Analysis of nhr-14 mutants, however, did not reveal germline defects and the mutants did not show increased sensitivity to BPA (Fig. S5) . Thus, these results strongly imply that BPA alters chromosome morphogenesis via its anti-estrogenic activity and suggest an action of BPA on a yet to be identified nuclear hormone receptor.
BPA Exposure Results in Impaired Chromosome Segregation During
Early Embryogenesis. Considering the extent of the defects observed during late diakinesis, we predicted that the early steps of embryogenesis might be impaired in BPA-treated worms. We monitored the first mitotic division in ethanol-and BPA-exposed H2B::mCherry; γ-tubulin::GFP transgenic worms by live imaging (n = 60 each). Whereas pronuclear fusion, chromosome alignment at the metaphase plate, and chromosome segregation at anaphase were normal in ethanol controls, the first division of BPA-exposed embryos was highly abnormal. Specifically, chromosomes failed to align at the metaphase plate and/or segregate properly in 15% (n = 9/60) of one-cell embryos (Fig. 4 , Movies S1 and S2) and the majority (5/9) of these embryos failed to undergo cytokinesis and either arrested or underwent formation of multiple spindle poles (Movie S3). These results, coupled with the elevated levels of embryonic lethality, indicate that BPA exposure results in impaired chromosome segregation during early embryogenesis in C. elegans.
Discussion
We investigated the effects of the highly prevalent chemical Bisphenol A on the germline of C. elegans. We found that BPA exerts anti-estrogenic properties that severely disrupt the progression of meiotic recombination and chromosome synapsis in C. elegans, leading to sterility and embryonic lethality.
While providing an analysis of the effects of BPA on the germline of C. elegans, our results also recapitulate some of the defects observed in mice (9) . Similar to findings reported in mice, we observe instances of asynapsis and failure to maintain chromosome integrity at pachytene. We also observe altered meiotic recombination as highlighted by increased RAD-51, pCHK-1, and ATL-1 levels in late pachytene. In both species, early embryonic chromosome defects are observed and BPA effects are mediated by an intrinsic anti-estrogenic activity. To our knowledge, however, the identification of a germline-specific down-regulation of the expression of the DNA repair genes rad-54 and mre-11, as well as the checkpoint gene mrt-2 in BPA-exposed animals, has not been previously described. BPA exposure recapitulates some of the phenotypes observed in each mutant of these DNA repair genes. Notably, budding yeast Rad54 functions in the ATP-dependent displacement of Rad51 from DNA heteroduplexes, which are central homologous recombination intermediates (42) . This result is congruent with the elevated levels of RAD-51 foci observed in late pachytene in BPA-exposed worms. We also observed DNA fragmentation at pachytene and diakinesis, highly reminiscent of the fragments observed in the mre-11 mutant following DNA damage (32) . Finally, the mutation of C. elegans mrt-2 leads to end-to-end chromosome fusions (34) that may be analogous to the chromosome associations described by Hunt and colleagues in the mouse model of BPA exposure (9) and could account for the chromosome aggregation we observed at diakinesis following BPA exposure. Notably, we did not observe elevated RAD-51, ATL-1, or pCHK1 staining in the mitotic germline nuclei, suggesting that BPA exposure may elicit a specific stress on the meiotic DSB repair process. However, the down-regulated DSB repair genes operate in both mitotic and meiotic repair. Therefore, the exact molecular target that confers meiotic specificity to the DSB repair defects caused by BPA remains to be identified. Altogether, our analysis revealed a potential mechanism of function through which BPA can impact the germline that was not previously understood.
Interestingly, although the progression of meiotic recombination was clearly impaired in BPA-exposed worms, we did not observe an increased number of crossover events either as judged by ZHP-3::GFP foci, a marker of crossover or crossover precursor sites in late prophase (Fig. S6) (43) , or by cytological analysis of chromosome morphology in diakinesis oocytes. This difference might stem from the tight regulation of crossover interference observed in C. elegans. In mammalian species, up to three crossover events per homolog pair are detected; however, in C. elegans, crossover interference strictly limits the number of exchanges to one (44) . Therefore, the BPA-induced perturbation of meiotic recombination may not be able to override the strong control exerted on crossover number in C. elegans.
Exposure Levels and Activity Reveal That C. elegans Is a Relevant Model System to Examine the Effect of Environmental Toxicants in Meiosis. We examined the internal levels of BPA following our exposure protocol and found that worms contained on average 2 μg/g of unconjugated BPA. These levels were within the range or lower than the internal free BPA levels detected in maternal kidneys, liver, and uterus, as well as in fetal liver and total fetal homogenate of pregnant rats perfused with a single dose of BPA at 10 mg/kg (22) . Data on nonblood tissue levels of BPA both in rodent models and in humans are scarce and intraorgan concentrations in the BPA study on mouse meiosis (9) were not measured, making direct exposure comparison difficult. However, it is likely that both our results and those of Susiarjo and colleagues (9) represent the reproductive outcome following elevated BPA exposure. Therefore, our studies bear relevance to occupational exposure studies in humans (24, 45) , and particularly to fetal and neonate exposure levels, as suggested by the up to 10 times higher levels of BPA detected in premature infants in neonatal intensive care units (46) .
BPA Specifically Alters the Germline Expression of DSB Repair Components. Analysis of both in vivo and in vitro exposure models has suggested that BPA forms DNA adducts (47, 48) leading to the formation of DSBs and aneuploidy in mitotically dividing cells (49, 50) . Although these results might constitute a tempting explanation for the defects seen following BPA exposure, we did not find evidence of DNA damage in the mitotic zone, as determined by the absence of elevated levels of chromosome-associated ATL-1, pCHK-1, and RAD-51 in the mitotic zone. Furthermore, BPA exposure did not rescue the lack of chiasmata (12 univalents) observed in the meiotic DSB-deficient spo-11 mutants (Fig. S7) , suggesting that BPA does not directly or indirectly induce DSBs. Finally, although the levels of RAD-51 foci were elevated in late pachytene nuclei of BPA-exposed germlines, we did not observe a concomitant increase in the total number of RAD-51 foci earlier in prophase (zones 3 and 4), also suggesting that BPA exposure does not lead to an increase in the number of DSBs at least in early prophase. Instead, BPA appears to specifically disrupt the germline DSB repair program, which was confirmed by our analysis of the expression of DNA repair genes in the context of the glp-1 mutants grown at either permissive or restrictive temperatures. This result is reminiscent of the role uncovered for estrogen receptor signaling in regulating meiotic progression (9) . Indeed, ERβ −/− mice and BPA-exposed mice display very similar perturbations of chromosome synapsis and recombination (9) . Further strengthening the link between ER signaling and players of the DNA repair machinery, estrogen via ERα has been shown to inhibit the activation of ATR and phosphorylation of Chk1 in breast cancer cell lines, which delays the formation of Rad51 foci and DNA repair following DNA damage (51) . Moreover, normal estrogen levels are also required for high p53 signaling whereas either low estrogen levels or down-regulation of ERα leads to lower p53 levels and improper DNA damage response (52) . These findings therefore support a connection between hormonal signaling and DNA repair and, together with our data, suggest an anti-estrogenic effect of BPA on the germline. However, until the nuclear hormone receptor that is sensitive to BPA is identified, the possibility of a non-ER-mediated effect of BPA on DNA repair cannot be formally excluded.
C. elegans Is a Relevant Model for the Study of Environmental Disruption of Meiosis. At present, mammalian models are used for the study of environmental disruption of the process of meiosis. However, from inception to completion, mammalian female meiosis can span from several months in mice to several decades in humans. Therefore, there is a great need for cost-effective and highly tractable multicellular systems that can be used as an alternative to mammalian models for such studies. Such systems are of significant importance given that meiosis is essential for sexual reproduction and the effects of our chemical landscape on this process are poorly understood. The use of a genetically tractable model with such well-characterized developmental patterns as those of C. elegans opens up a number of experimental possibilities including the use of this system for large-scale screens and followup analysis to determine the mechanisms of action of potential toxicants on the process of meiosis. The prompt assessments made in this system will help design targeted follow-up studies in mammals and tremendously advance our understanding of the impact of environmental toxicants on human reproductive health.
Materials and Methods
C. elegans Genetics, Growth Conditions, and Drug Exposures. C. elegans strains were cultured according to ref. 53 at 20°C on NGM plates without cholesterol. The N2 Bristol strain was used as the wild-type background. The following mutations and chromosome rearrangements were used in this study:
LGI, cep-1(lg12501), hT2 [bli-4(e937) qIs48] (I;III); LGIII, glp-1(bn18); LGIV, spo-11(ok79); and LGX, nhr-14(tm1473) (41, (54) (55) (56) . The ZHP-3::GFP strain was kindly provided by V. Jantsch (43) . BPA, 17β-estradiol, and 4-hydroxy-tamoxifen (Sigma-Aldrich) were dissolved in 100% ethanol and added to the medium before pouring plates for a final ethanol concentration of 0.1%. ICI 182780 (Tocris Bioscience) was dissolved in DMSO and added to the medium for a final DMSO concentration of 1%. Exposure was carried out from embryogenesis to adulthood by plating sodium hypochloride-treated eggs onto drug and control plates followed by incubation at 20°C for 4 d.
Additional procedures are described in SI Materials and Methods.
